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“Everybody’s looking for the Sun

People strain their eyes to see

But | see you and you see me

Ain’t that wonder?”
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RESUMO

O glicolaldeido € um aldeido hidroxilado de dois carbonos capaz de reagir com
proteinas, alterando sua estrutura e funcédo. Ele € formado como subproduto do
metabolismo glicolitico, da reagdo da glicose com proteinas e também a partir da
agao da mieloperoxidase sobre aminodacidos. Logo, situagdes de hiperglicemia e
inflamacéo favorecem a formacgéo do glicolaldeido. Sua reagdo com biomoléculas,
além de prejudicar a fungdo das mesmas, pode levar a produgao de produtos finais
de glicagdo avancada (AGEs). Diversos estudos tém relacionado o acumulo de
AGEs com diversas doencas como diabetes mellitus, mal de Alzheimer, faléncia
renal e o proprio envelhecimento. Os AGEs apresentam boa parte de seus efeitos
deletérios devidos a sua ligagdo com o receptor RAGE. Sabe-se que este
mecanismo, de forma geral, promove uma resposta inflamatéria, gerando estresse
oxidativo. Entretanto, apesar dos grandes avangos no estudo dos AGEs e seu
efeitos, muito pouco se sabe sobre a acéo direta de precursores dos AGEs, como o
glicolaldeido. Os objetivos deste trabalho foram investigar os efeitos agudos do
glicolaldeido sobre parametros de estresse oxidativo no rim, coragao e figado de
ratos. Ratos Wistar machos adultos receberam 10, 50 ou 100 mg/Kg de glicolaldeido
através de injecao intravenosa. Os animais foram sacrificados 6, 12 e 24 horas apos
a injecdo. Nos observamos um aumento dos marcadores de estresse oxidativo
(carbonilagao proteica, lipoperoxidagao e diminuigdo de tidis reduzidos) em todas as
estruturas analisadas. As enzimas superéxido dismutase, catalase e glioxalase |
tiveram suas atividades moduladas pela injegdo do glicolaldeido nos trés érgaos
estudados. Além disso a inje¢cdo do aldeido provocou o acumulo de carboximetil-
lisina, um dos AGEs mais estudados, no figado dos animais. Nossos resultados
sugerem que mesmo curtos eventos de hiperglicemia e inflamagao, capazes de
aumentar os niveis de glicolaldeido, podem gerar estresse oxidativo e, de forma
cumulativa, favorecer as complicacbes observadas em doencas como o diabetes
mellitus.
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ABSTRACT

Glycolaldehyde is a two-carbon aldehyde that reacts with proteins, modifying
their structure and impairing their function. It is formed as a byproduct of the non-
enzymatic reaction between glucose and biomolecules and also from the action of
myeloperoxidase upon amino acids. Thus, events of hyperglycemia and inflammation
favor the formation of glycolaldehyde. Despite impairing protein function,
glycolaldehyde might lead to the formation of advanced glycation end-products
(AGEs). There are several studies relating AGEs to many diseases such as diabetes
mellitus, Alzheimer’s disease, renal failure and the aging process itself. Part of the
deleterious effects of AGEs is due to interaction with their receptor (RAGE). There is
evidence that this interaction induces inflammatory responses and oxidative stress.
Despite the huge advances in understanding the effects of AGEs, there are very few
reports describing the effects of precursors of AGEs, such as glycolaldehyde. The
objectives of this work were to investigate the acute effects of glycolaldehyde on
oxidative stress parameters in the kidney, heart and liver of rats. Male adult Wistar
rats received a single intravenous injection of glycolaldehyde at 10, 50 or 100 mg/Kg.
The animals were sacrificed 6, 12 or 24 hours after injection. We observed an
increase in markers of oxidative stress (protein carbonylation, lipoperoxidation and a
decrease in reduced thiol content). The activities of superoxide dismutase, catalase
and glyoxalase | were modulated by the injection of glycolaldehyde. Moreover,
glycolaldehyde induced accumulation of Nf-carboxymethyl(lysine), one of the most
studied AGEs. Our results suggest that even short-term events of hyperglycemia and
inflammation, capable of raising glycolaldehyde levels, might generate oxidative
stress and, in a cumulative way, favor the onset of complications such as those
observed in diabetes mellitus.
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LISTA DE ABREVIATURAS
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1. INTRODUGAO

1.1 Glicolaldeido e Produtos Finais de Glicagao Avancgada

O glicolaldeido (GA) € um aldeido de dois carbonos formado como subproduto
da glicolise (Glomb & Monnier, 1995) e da atividade da mieloperoxidase de
neutréfilos sobre aminoacidos (Anderson et al., 1997). Logo, hiperglicemia e
inflamacao, caracteristicas de pacientes diabéticos, favorecem sua formacao. O GA
€ bastante reativo com residuos de lisina e arginina. O que ocorre nesses casos € a
reagcdo do grupamento carbonil (C=0) do GA com a porgdo amino lateral destes
aminoacidos. Sabe-se também que o GA reage com residuos de cisteina. Tanto a
reagcado com lisina e arginina quanto a reagdo com cisteina podem levar a formagao
de produtos finais de glicagdo avangada (AGEs, do inglés Advanced Glycation End-
products). Entretanto, os mecanismos que levam a formagédo dos AGEs diferem nos
dois casos. Ao reagir com a cisteina, o GA forma um tiohemiacetal que sofre
rearranjo, gerando o AGE carboximetilcisteina (CMC). Reagindo com lisina ou
arginina, forma-se uma base de Schiff que sofre rearranjos, gerando estaveis

produtos de Amadori e entdo, AGEs.

Devido a sua alta reatividade e a estabilidade dos produtos formados, o GA
pode modificar a estrutura de biomoléculas, alterando sua funcao e comprometendo
o funcionamento celular. Ja foi demonstrado que o GA modifica albumina, reduzindo
sua capacidade de ligagdo as drogas varfarina e cetoprofeno (Mera et al., 2010).
Nosso grupo ja demonstrou que o GA modifica estruturalmente o fibrinogénio,
promovendo um atraso no tempo de formagao do coagulo, bem como uma maior

resisténcia a degradagao enzimatica (Andrades et al., 2009). Esse dado em especial



corrobora dados da literatura que associam hiperglicemia e inflamagdo a quadros
pré-trombaticos. De fato, o diabetes mellitus (DM), caracterizado pela ineficiéncia na
regulacédo dos niveis de glicose circulante, apresenta como principal causa de
mortalidade as complicagcdes cardiovasculares. A glicagao de lipoproteinas de baixa
densidade (LDL) pelo GA favorece a captagao de colesterol e éster de colesterol por
macrofagos, facilitando a formagao de células espumosas (Brown, Dean & Davies,
2005). Estas células contribuem para a formacdo de placas ateroscleréticas. E
interessante ressaltar que outros aldeidos com mecanismo de agao parecido com o
GA também sao formados em situagcdes patoldgicas. Metilglioxal (MG) e glioxal sao
os mais estudados. Ambos sdo capazes de alterar a albumina e reduzir sua
capacidade ligante, sendo o MG mais efetivo neste pardmetro (Mera et al., 2010).
Os trés aldeidos diferem também na especificidade de reagdo com aminoacidos e
nos AGEs formados. Glioxal e MG reagem preferencialmente com residuos de
arginina, enquanto o GA tem maior afinidade por residuos de lisina. Além disso, o
préprio GA, num processo de enolizagdo, pode gerar glioxal (Al-Enezi, Alkhalaf &
Benov, 2006). Os AGEs derivados do GA sao carboximetil-lisina (CML) e GA-
piridina. O glioxal gera CML e imidazolona, enquanto o MG forma principalmente
carboxietil-lisina (CEL). A figura 1 mostra um mecanismo generalizado de formagao

de AGEs.

1.2 Efeitos toxicolégicos dos AGEs

Os AGEs séo estruturas estaveis e tendem a se acumular no organismo
durante a vida. Entretanto, esta acumulacédo é acentuada em doencas como o DM.
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Diabéticos apresentam maiores niveis de AGEs no sangue, em comparagédo com
individuos saudaveis. O nivel de glicagcdo do colageno da pele é considerado um
marcador para complicagdes microvasculares, tais como a nefropatia diabética
(Genuth et al., 2005; Gerrits et al., 2008). A acumulagdo de AGEs também esta
relacionada com o desenvolvimento da faléncia renal (Beisswenger et al., 1995).
Camundongos tratados com albumina glicada apresentam resisténcia a insulina.
Essa resisténcia promove aumento nos niveis de glicose durante o jejum (Cassese
et al., 2008). Os AGEs também reduzem a secregéo de insulina pelas células beta
do pancreas, além de acumular neste 6rgao (Tajiri, Moller & Grill, 1997). Estes
trabalhos evidenciam a importancia dos AGEs no desenvolvimento da condigcéo

diabética.

HC=0 Hti’:=N —[Proteina HzT_NH_
|

HC —OH HC — OH t|: =0
HO — CH HZN'HO—CH HO —CH H, N —|Proteina|

| - ‘ — AGEs

HC —OH HC — OH eI H(|3—OH —
|

HC — OH H(l:—OH Ht‘:—oH
| |
CH,— OH CH,— OH CH,~ OH

D - Glicose Base de Schiff Produto de Amadori

Figura 1. Reagdes iniciais da formacao de produtos finais de glicagdo avangada (AGEs) a partir
de glicose. Retirado de Grillo e Colombatto (Grillo & Colombatto, 2008).

Além de constituir uma alteracéo estrutural per se, os AGEs também podem
desencadear efeitos celulares através da ligagdo com seu receptor (RAGE). O
RAGE é um receptor de membrana com um dominio externo constituido de trés

regides imunoglobulina-like, além de um dominio transmembrana com projegao para
3



o citosol (Chavakis, Bierhaus & Nawroth, 2004). Além dos AGEs, proteinas
inflamatdérias como a S1008 e HMGB1 também sao reconhecidas pelo RAGE. A
ligacdo com o RAGE ativa uma gama de rotas de sinalizagdo, passando por MAP
cinases, fosfoinositol-3 cinase e também pela ativagdo de NFkB. De fato, em modelo
animal de sepse, a injecao de albumina modificada com CML aumenta a mortalidade
dos animais, num mecanismo dependente da ativagdo de NFkB. Em animais que
nao expressam RAGE, a mortalidade é diminuida (Humpert et al., 2009).

O RAGE parece estar envolvido em eventos de estresse oxidativo. Em
camundongos diabéticos, a deficiéncia de RAGE reduz a produgdo mitocondrial do
radical anion superoxido, além de reduzir os niveis de apoptose (Coughlan et al.,
2009). Células progenitoras endoteliais, responsaveis pela reparagdao do endotélio,
apresentam um aumento na produgao de espécies reativas de oxigénio (ERO), além
de reduzirem a expressao de enzimas antioxidantes. A inibicdo do RAGE por RNA
de interferéncia é capaz de reverter estes efeitos (Chen et al.,, 2010). Evidéncias
sugerem que o bloqueio da interagdo entre AGEs e RAGE tem um promissor
potencial terapéutico em doencas cardiovasculares, DM e mal de Alzheimer

(Yamagishi, Nakamura & Matsui, 2009; D'agati & Schmidt, 2010; Fang et al., 2010).

1.3 Radicais livres e estresse oxidativo

Um radical livre € qualquer espécie quimica que possua um ou mais elétrons
desemparelhados em seu ultimo orbital. Tais espécies podem ser atomos ou
moléculas. Estes atomos ou moléculas apresentam alta reatividade devido a grande

tendéncia em adquirir um segundo elétron para o orbital (Halliwell, 2006). Radicais



livres sao escritos quimicamente com uma notagao para a espécie quimica seguida
de um ponto, o qual indica o elétron desemparelhado, por exemplo, o radical livre
anion superoxido: O;".

Classicamente, as reagdes de radicais livres sao divididas em: a) reagdes de
iniciacao; b) reacgdes de propagacgao; e c) reacdes de terminagido. Nas reagdes de
iniciagao, um radical livre é formado a partir de espécies quimicas nao-radicais: AB +
C — A" + D + E. Nas reagdes de propagacao, um radical livre, também chamado
centro de reagao, reage com uma molécula estavel, resultando em outro radical livre
ou centro de reagdo: A"+ CD — AC + D’. Nas reagdes de terminagdo, dois radicais
livres cancelam seus elétrons desemparelhados formando um produto estavel.

O radical livre que ocorre mais comumente em sistemas biolégicos € o anion
superéxido (O27), que é produzido quando uma molécula de oxigénio é reduzida
parcialmente, ou seja, quando recebe apenas um elétron. Quando em excesso, 0
radical superoxido pode levar a produgao de peroxido de hidrogénio (H20), através
da atividade da enzima superoxido dismutase (SOD):

0"+ 0" + 2H" — H,0, + O,

O peréxido formado, reagindo com metais de transigdo como Fe*? e Cu*?, pode
gerar o radical hidroxil (HO’), em uma reagdo denominada reagdo de Fenton. Outro
destino do superoxido é a reagdo com oxido nitrico (NO®), formando o peroxinitrito
(ONOOQO’) que, por sua vez, pode gerar o nitrosil (HONOO). Este, por sua vez,
sofrendo decomposigao, também forma o radical hidroxil.

O estresse oxidativo é caracterizado por um desequilibrio entre a produgao de
espécies reativas e as defesas antioxidantes, em favor do primeiro, podendo gerar
dano (Halliwell, 2007). As defesas antioxidantes podem ser enzimaticas ou n&o-

enzimaticas. Entre as defesas nao-enzimaticas podemos citar o tripeptideo



glutationa (GSH, na forma reduzida) e as vitaminas como o acido ascoérbico e a
vitamina E. Dentre as defesas enzimaticas, as mais conhecidas s&o a SOD, a
catalase (CAT) e a glutationa peroxidase (GPx). A catalase decompde o peréxido de
hidrogénio, gerando agua e oxigénio:

2 H,O; —» 2 H,0 + Oy

A enzima GPx também decompbe o peroxido, porém, fazendo uso de um
mecanismo diferente. Ela utiliza a GSH para transformar o H,O, em agua. A
glutationa oxidada nesta reacdo € reduzida novamente pela acdo da enzima

glutationa redutase, consumindo NADPH (Boveris, 1998).

1.4 Estresse oxidativo e doengas humanas

Inumeros trabalhos descrevem a participacdo de estresse oxidativo em
doencgas humanas, apesar da relacao causa e efeito ndo ser estabelecida. De uma
forma geral, doencas que apresentam eventos de isquemia/reperfusao e inflamacéao
tém como componente o estresse oxidativo (Giustarini et al., 2009). Estratégias
terapéuticas que incluem antioxidantes sédo alvo constante de pesquisa, embora os
avancos efetivos para aplicacdo de novas terapias nao seja tdo evidente. Isso se
deve principalmente a falta de especificidade dos tratamentos e a imprecisa
delimitagdo do papel do estresse oxidativo nas patologias. Definir os casos onde o
desequilibrio redox é causa ou consequéncia € uma tarefa bastante delicada e de
dificil execucéo.

O préprio processo de envelhecimento, inerente aos seres vivos, tem como

importante componente o estresse oxidativo. Diversos estudos apresentam uma



correlagao positiva entre idade e dano oxidativo, além de uma redugdo do dano em
animais tratados para apresentar um aumento no tempo de vida. Apesar da teoria
que relaciona envelhecimento e estresse oxidativo estar bem fundamentada no que
diz respeito a correlagdes, experimentos onde ha delegao de enzimas antioxidantes
sdo controversos quanto a influéncia no tempo de vida dos animais (Perez et al.,
2009). Este fato reforca a ideia de que a participacdo de ERO em processos
deletérios € um processo multifatorial.

No caso do DM, além da predisposicdo genética, torna-se complicado
dissociar hiperglicemia e estresse oxidativo. Modelos animais de DM mostram dano
oxidativo em 6rgaos como rim (Kuhad & Chopra, 2009) e coragao (Shirpoor et al.,
2009). De fato, o tratamento com antioxidante atenua os efeitos do DM no que diz

respeito a marcadores de estresse oxidativo e funcéao de 6rgaos.



2.0BJETIVOS

2.1 Objetivos gerais

Hiperglicemia e inflamac&o favorecem a formacdo de AGEs. Estes produtos
acumulam com o envelhecimento e isso ocorre de forma mais acentuada em
diabéticos. Os AGEs, através de seu receptor, podem levar a formacéo de espécies
reativas de oxigénio (ERO), comprometendo a integridade celular e o funcionamento
de 6rgaos como figado, rins e coragdo. Apesar de o papel patofisiologico dos AGEs
ser bastante evidenciado, muito pouco se sabe sobre os efeitos causados por
precursores de AGEs como a glicose e os aldeidos de cadeia curta como o GA.

Assim posto, neste trabalho nds analisamos os efeitos da inje¢do intravenosa
de GA sobre parametros de estresse oxidativo no rim, coragdo e figado de ratos

Wistar machos adultos.

2.2 Objetivos especificos

Analisamos os efeitos de uma unica injegdo de GA, nas doses de 10, 50 e 100
mg/Kg, apés 6, 12 e 24 horas sobre:
1) Carbonilagdo de proteinas, lipoperoxidagao, estado redox de grupamentos
sulfidril no rim, coracéo e figado;
2) Modulagao da atividade das enzimas superdxido dismutase (SOD), catalase
(CAT) e glioxalase | (GLO), nas estruturas mencionadas acima;

3) Quantificagdo de CML nés 6rgdos mencionados acima.



3. RESULTADOS

Os resultados desta dissertacdo estdo apresentados na forma de artigos

aceitos para publicagdo ou manuscritos submetidos para publicagao.



3.1 Circulating glycolaldehyde induces oxidative damage in the kidney of

rats

Aritgo aceito para publicagcdo no periddico Diabetes Research and Clinical

Practice.
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Renal failure is a key pathological issue in diabetic patients. Increased levels of advanced
glycation end-products (AGEs) have been associated to diabetic complications, including
diabetic nephropathy. Models of AGE-treated animals have been applied to evaluate the
effect of such molecules on oxidative parameters involved in the pathogenesis and evolu-
tion of diabetes disease. However, little is known about the effect of glycating agents other
than glucose. Here we investigate the effect of intravenously administrated glycolaldehyde
(GA) on oxidative stress parameters of the kidney. Male Wistar rats received a single

Keywords: injection of GA in different doses (10, 50 or 100 mg/kg) and were sacrificed after 6, 12 or
Diabetic nephropathy 24 h. Activities of antioxidant enzymes catalase, superoxide dismutase and glyoxalase I
Glycation were assayed. Damage to proteins and lipids were also assayed. The content of N°-(carbox-

ymethyl)lysine (CML) was quantified. Glycolaldehyde induced a decrease in the activity of all
enzymes studied. Lipoperoxidation and protein carbonylation raised, accompanied by a
decrease in sulfhydryl groups. Despite the oxidative stress generated by GA, no change was
found in the content of CML, suggesting that accumulation of AGEs in the kidney might
occur at later steps in the development of diabetic nephropathy.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Oxidative stress

1. Introduction CML is known to interact with the receptor for AGEs (RAGE)

and activate NF-«B. Injection of CML-albumin enhanced

Short-chain aldehydes react with amino groups to form a
Schiff base, which rearranges to more stable Amadori
products that lead to advanced glycation end products
(AGEs) [1]. Formation and accumulation of AGEs are
associated to diabetic complications. Plasma levels of N°-
(carboxymethyl)lysine (CML) are increased in diabetic rats in
comparison to normal animals [2]. The CML content is also
increased in soleus muscle [3] and vasculature [4] of diabetic
animals.

mortality of septic mice in a RAGE/NF-kB dependent manner.
RAGE —/— mice are protected from this lethality and
inflammation [5].

Glycolaldehyde (GA) is a short-chain aldehyde derived as a
by-product of protein glycation and myeloperoxidase activity
upon L-serine. It may also be derived directly from glucose or
Schiff bases by an oxygen-dependent cleavage mechanism [6].
GA reacts with amino groups forming a Schiff base which
rearranges to form more stable Amadori products that lead to
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AGE formation. Pyridine, imidazolone and CML are AGEs
derived from GA, among other aldehydes [7]. GA preferentially
reacts with arginine, lysine and cysteine residues. Such
modifications lead to protein dysfunction [8] and oxidative
stress [9]. Despite its importance, GA concentrations in plasma
of healthy or diabetic patients have not been quantified yet.
Nonetheless, physiological concentration is estimated to
range from 0.1 to 1 mM [10-12].

Although mechanisms of protein modification are de-
scribed for GA and so are many of the effects GA-derived
AGEs cause in cell homeostasis, little is known about the
influence of GA formed in vivo on organs function and
oxidative status.

In this study, the effects of intravenously administrated GA
on acute parameters of oxidative stress in kidney were
investigated, in order to evaluate a possible role of GA on
the onset and development of diabetic nephropathy.

2. Materials and methods
2.1. Animals and chemicals

Adult male Wistar rats (280-320 g) were obtained from our
own breeding colony. They were caged in groups of five with
free access to water and food and were maintained on a 12h
light-dark cycle (lights on at 7 a.m.), at a temperature
controlled colony room (23 +1°C). These conditions were
maintained constant throughout the experiments. All experi-
mental procedures were performed in accordance with the
National Institute of Health Guides for the Care and Use of
Laboratory Animals and the Brazilian Society for Neuroscience
and Behavior recommendations for animal care.

All chemicals were purchased from Sigma (St. Louis, USA).

2.2. Treatments

Animals were anesthetized (ketamin 100 mg/kg and xylazin
10 mg/kg) and treated with a single injection of GA via the
dorsal vein of the penis, in different doses (10, 50 and 100 mg/
kg) in a volume range of 120-150 uL. Control group received
130 pL of NacCl 0.9%.

2.3.  Oxidative stress and antioxidant enzymes analysis

Animals were sacrificed at 6, 12 or 24 h after injection. Blood
was collected and plasma separated. The kidney was dissected
out in ice and immediately stored at —80°C for posterior
analysis. Homogenates were centrifuged (1000 x g, 10 min at
4 °C) to remove cellular debris. Supernatants were used to all
biochemical assays described herein. Samples for ELISA were
centrifuged one more time (10,000 x g, 10 min at 4 °C).

2.3.1. Measurement of protein carbonyl

The oxidative damage to proteins was measured by the
quantification of carbonyl groups based on the reaction with
2,4-dinitrophenylhydrazine (DNPH). Proteins were precipitat-
ed by the addition of 20% TCA and ressuspended in 10 mM
DNPH and the absorbance read at 370 nm [13]. Results are
expressed as nmol carbonyl/mg protein.

2.3.2. Thiobarbituric acid reactive species (TBARS)

As an index of lipoperoxidation we detected thiobarbituric acid
reactive species (TBARS) formation through a hot and acidic
reaction. This is widely adopted as a method for measurement
of lipid redox state, as previously described [14]. Briefly, the
samples were mixed with 0.6 mL of 10% trichloroacetic acid
(TCA) and 0.5 mL of 0.67% thiobarbituric acid and then heated in
a boiling water bath for 25 min. TBARS were determined by
absorbance in a spectrophotometer at 532 nm. We have
obtained TBARS concentration in the samples from a calibra-
tion curve that was performed using 1,1,3,3-tetramethoxypro-
pane as standard, which was subjected to the same treatment
as that applied to the supernatants of the samples. Results are
expressed as nanomoles TBARS per milligram protein.

2.3.3. Measurement of total reduced thiol content

To quantify the content of reduced thiol, samples were diluted
in 10 mM phosphate buffer (pH 7.4) and 0.01 M 5,5-dithioni-
trobis 2-nitrobenzoic acid (DTNB) in ethanol was added and
the intense yellow color was developed and read at 412 nm
after 20 min. A blank sample was run simultaneously, except
for the absence of DTNB. Protein thiol content was calculated
after subtraction of the blank absorbance from the absorbance
of samples with DTNB, utilizing the molar extinction coeffi-
cient of 13,600 M ' cm™* [15].

2.3.4. Antioxidant enzyme activity

Catalase (CAT) activity was measured as previously described
[16]. The rate of decrease in absorbance at 240 nm was
measured as an index of H,0, degradation by catalase.
Superoxide dismutase (SOD) activity was assessed by quanti-
fying the inhibition of superoxide-dependent adrenaline auto-
oxidation in a spectrophotometer at 480 nm [17]. To determine
glyoxalase I (GLO) activity we quantified the rate of formation
of S-p-lactoylglutathione at 240 nm. The assay was carried out
in 96-well microplates using a microplate spectrophotometer
(Molecular Devices, Sunnyvale, CA, Spectra Max 190). Briefly,
10 pL of 1 mM glutathione (GSH) and 2 mM methylglyoxal
(MG), pre-incubated for 30 min at room temperature, in 50 mM
sodium phosphate buffer (pH 7.0) were added to each well
containing 190 pL samples (10 pg protein). The enzyme
activity was calculated utilizing the molar extinction coeffi-
cient of 3300 M~* cm ' and expressed as units/mg protein, one
unit being the amount of enzyme needed to produce 1 pmol/
min of S-p-lactoylglutathione at 25 °C [18].

2.3.5. Enzyme linked immuno sorbent assay (ELISA) for CML
The wells of a microtiter plate were coated overnight with
0.1 pgprotein in 0.1 mL of 50 mM sodium carbonate buffer (pH
9.6). Wells were washed three times with washing buffer (PBS
containing 0.5% Tween 20), and then incubated with 0.5%
gelatin for 3 h to block nonspecific binding. Thereafter, wells
were washed again with washing buffer and incubated with
100 pL anti-CML (2G11) for 1 h. After being washed three times,
wells were incubated with 100 pL of peroxidase-conjugated
second antibody for 60 min. The reactivity of peroxidase was
determined by incubation with o-phenylenediamine dihy-
drochloride (OPD) for 30 min. The reaction was stopped by
addition of 50 pL sulphuric acid (3 M). Absorbance was read at
492 nm [19].
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Fig. 1 - Circulating GA induces protein carbonylation.
Glycolaldehyde was administered intravenously at the
following concentrations: 0, 10, 50 or 100 mg/kg. Kidney
was surgically removed after 6, 12 or 24 h. Data presented
as mean * SD (n = 7). *Different from respective control,

p <0.05.

Fig. 3 - Lipoperoxidation increases after GA injection. The
levels of thiobarbituric acid reactive species (TBARS) were
assayed as an index of lipid peroxidation. At all doses, GA
promoted lipid peroxidation, which was persistent up to
24 h after injection. Data presented as mean * SD (n=7).
*Different from respective control, p < 0.05.

2.4.  Statistical analysis

Results are expressed as mean + SD. Data were analyzed by
one-way ANOVA followed by Newman-Keuls’ multiple com-
parisons test using software Prism 2.01 (GraphPad, San Diego,
CA, USA). A p-value <0.05 was considered statistically
significant.

3. Results
3.1 Oxidative damage and redox status

Animals that received intravenous injection of GA showed
increased oxidative damage when compared to control rats.
Fig. 1 shows the levels of protein carbonylation. All doses were
capable of promoting protein carbonylation and this effect
was sustained for 24 h.

The content of reduced thiol groups was decreased in the
kidney of rats that received GA treatment. This oxidation of
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B 154 2 50 mg/Kg
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o
E 101
T
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T 54
g 5
c

0- 1
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Fig. 2 - Glycolaldehyde lowers the content of reduced thiols
in the kidney of Wistar rats. Animals received a single
injection of GA. Samples were incubated with DTNB for
20 min. Absorbance was read at 412 nm. Data presented
as mean * SD (n = 7). *Different from respective control,

p <0.05.

sulfhydryl was observed for all doses and all times analyzed
(Fig. 2).

Fig. 3 shows an increase in lipid peroxidation induced by
GA. Although all doses promoted damage to lipids, after 24 h,
levels of TBARS decreased to control levels suggesting
clearance and/or a better response to the oxidative insult.

3.2 Antioxidant enzymes

Glycolaldehyde, at all tested concentrations, decreased SOD
activity at 6 and 24 h after injection (Fig. 4a).

As shown in Fig. 4b, catalase activity was also decreased at
6 and 24 h after injection. Twelve hours after the injection of
GA, kidney catalase activity was higher in rats that received 50
and 100 mg/kg, when compared to control.

The activity of glyoxalase I (GLO) was also assessed. This
enzyme catalyzes the formation of S-b-lactoylglutathione
from methylglyoxal and glutathione, leading to diminished
concentrations of it substrate. We found decreased GLO
activity by all doses of GA at 6 and 24h after injection
(Fig. 4c). However, no difference was found at 12 h.

3.3. CML content
Although protein carbonylation was evidenced, we did not

observe any change in the protein content of N°-(carboxy-
methyl)lysine (Fig. 5).

4, Discussion

In the present study we evaluated the effects of circulating
glycolaldehyde on redox status of the kidney. The physiologi-
cal concentrations of GA have not been determined yet,
although they are believed to range from 0.1 to 1 mM [10-12].
Weinjected GA at 10, 50 and 100 mg/kg. These doses were used
because they would lead to blood concentrations ranging 1-
20 mM, based on estimated blood volume [20].

Renal failure is a common complication in diabetic
patients. Diabetic nephropathy results from a synergistic
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Fig. 4 - Glycolaldehyde decreases enzyme activities in the
kidney. Wistar rats were killed 6, 12 or 24 h after GA
injection. Superoxide dismutase (a), catalase (b) and
glyoxalase I (c) were downregulated at 6 and 24 h after
injection. Twelve hours after GA administration, CAT
activity was increased in comparison to control group.
Data presented as mean =* SD (n = 7). *Different from
respective control, p < 0.05.

action of hemodynamic and metabolic factors [21]. Hemody-
namic factors account for increased glomerular pressure [22]
and expression of vascular endothelial growth factor [23],
while metabolic factors account for increased reactive oxygen
species [24] and AGEs [25]. Glycated proteins such as albumin
[26] and fibrinogen [27] accumulate in the kidney. We
previously demonstrated that fibrinogen is very susceptible
to glycation by GA, which impairs its function and leads to
formation of high molecular weight aggregates [8].

The formation of AGEs aggravates renal complications.
Inhibition of this process ameliorates kidney function and
diminishes albuminuria in diabetic animals [25]. Circulating
AGEs are elevated in patients on peritoneal dialysis and with
diabetes [28]. Interaction of AGEs with RAGE induces activa-
tion of NF-«kB and elicits inflammation [5]. Such interaction
also results in oxidative stress [29]. Diabetic mice with RAGE

albumin with GA and other aldehydes diminishes its drug-
binding capacity [7]. Low-density lipoproteins (LDL) are also
susceptible to glycation by GA, in a reaction accelerated in the
presence of Cu®* [31]. There is evidence that glycated albumin
[32] and glycated LDL [33] are involved in atherosclerotic
events, enhancing macrophage inflammatory response.

A single injection of GA was capable of inducing carbonyl
stress to proteins and of increasing lipoperoxidation (Figs. 1 and
3). Since GA can react with cysteine residues [34] it was of
interest to evaluate the redox status of thiol groups in the
kidney. We observed a 10-20% decrease in reduced thiol content
(Fig. 2). Activities of SOD, CAT and GLO were decreased after GA
injection (Fig. 4). The importance of the role played by GA in this
setting still remains to be elucidated. It has been demonstrated
that methylglyoxal decreases SOD activity in vivo and in vitro
[35]. Superoxide dismutase catalyzes the dismutation of radical
superoxide anion radical into oxygen and hydrogen peroxide. A
decrease in CAT activity might be due to a direct inhibition of
SOD by GA, as superoxide directly inhibits catalase [36].
Glyoxalase I plays an important role in detoxification of a-
oxo-aldehydes, mainly glyoxal and methylglyoxal. Knockout of
the gene responsible for GLO increases cell death after
ischemia-reperfusion. When overexpressed, GLO ameliorates
renal conditions after stress [37]. Decreased GLO activity can be
implicated in diminished clearance of methylglyoxal which can
accumulate and lead to formation of AGEs. Despite the
increased oxidative stress observed in our results, attested by
damage to proteins and lipids, as well as downregulation of
antioxidant enzymes, we did not observe any changes any
changes neither in CML (Fig. 5) levels nor in plasma levels of
creatinine (data not shown). This is probably due to the short-
term exposure of the animals to circulating GA.

In conclusion, our findings suggest that reducing sugars,
such as glycolaldehyde, can promote intra-renal oxidative
stress. Renal tissue damage resultant from augmented
oxidative stress is evident prior to intra-renal accumulation
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of CML and might be an important factor in the genesis and
development of diabetic nephropathy. Further studies are
necessary for a better understanding of the molecular mechan-
isms involved in aldehydes-mediated oxidative damage.
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Abstract Cardiovascular complications account for 80%
of the mortality related to diabetes mellitus. Hyperglyce-
mia is believed to be the major culprit of angiopathy and
cardiomyopathy. High glucose levels and oxidative stress
cause elevation of Advanced Glycation End-products that
are known to contribute to diabetic complications and
correlate with many diseases. However, there are few
reports describing the effects of glycating agents other than
glucose. Here, we aimed to evaluate the effects of glycol-
aldehyde (GA) on oxidative stress parameters in the heart
of Wistar rats. Male Wistar rats received a single injection
of GA (10, 50 or 100 mg/Kg) and were sacrificed 6, 12.or
24 h after injection. As indexes of oxidative stress, we
quantified protein carbonylation, lipid peroxidation and
total reduced thiols. The activities of superoxide dismutase,
catalase and glyoxalase I were assayed. Also, the content of
N°~(carboxymethyl)lysine (CML) was quantified. Glycol-
aldehyde induced an imbalance in the redox status, with
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increased protein carbonylation and lipoperoxidation.
Catalase and glyoxalase ['had a decrease in their activities.
Despite the oxidative stress, we observed no increase in
CML content. These results suggest that short-chain alde-
hydes such as GA might have a significant role in the
development of diabetic cardiomyopathy.

Keywords ' Glycolaldehyde - Cardiovascular disease -
Glycation - Oxidative stress

Introduction

Cardiovascular disease (CVD) accounts for 80% of the
mortality associated with diabetes mellitus (DM). Heart
disease in DM affects function at different levels, pro-
moting angiopathy and cardiomyopathy [1]. Type II dia-
betic patients with coronary artery disease, which causes
the occlusion of the arteries that supply the heart, display
more severe coronary atherosclerosis than non-diabetic
subjects [2]. It is suggested that hyperglycemia is the main
factor behind the majority of cardiovascular complication
in DM, and blood glucose control reduces coronary ath-
erosclerosis [3, 4]. Along with osmotic stress via the
increased glucose flux through the polyol-sorbitol pathway
[5], hyperglycemia also increases the formation of
advanced glycation end-products (AGEs).

Advanced glycation end-products commonly arise from
reaction of reducing sugars, such as glucose and short-
chain aldehydes, with amino groups. Once formed, AGEs
are very stable and often accumulate in the body. Diabetes
[6], Alzheimer’s disease [7] and the aging process [8] are
closely associated with elevated levels of AGEs. Plasma
levels of N°-(carboxymethyl)lysine (CML) are associated
with liver failure [9] and chronic kidney disease [10].
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There is evidence that cardiac dysfunction in diabetes is
associated with AGEs accumulation [11].

Many pathological effects of AGEs are due to interac-
tion with receptor for AGEs (RAGE). In septic mice, CML
interaction with RAGE, enhances inflammatory response
and mortality by activating NFxB. Mice not expressing
RAGE are protected from these effects [12]. Mitochondrial
and cytosolic superoxide formation is attenuated after
RAGE deletion in diabetic mice [13]. Superoxide radical is
believed to participate in the coronary vasoconstriction
induced by CML [14]. Furthermore, oxidative stress is a
common component of the diabetic heart, evidenced by
increased lipoperoxidation and protein carbonylation [15—
17].

Glycolaldehyde (GA) is a short-chain aldehyde formed
as a by-product of protein glycation [18] and myeloper-
oxidase (MPO) activity upon amino acids [19]. GA reacts
with amino groups forming a Schiff base that rearranges to
form stable Amadori products that lead to AGEs. Glycol-
aldehyde itself induces oxidative stress and apoptosis [20]
and impair functions of fibrinogen [21] and albumin. The
most prevalent AGEs derived from GA are GA-pyridine
and CML [22]. Although there is evidence demonstrating a
pathophysiological role for GA, its physiological concen-
trations have not been determined yet. It has been esti-
mated that GA concentration ranges from 0.1 to 1 mM
[23-25].

Despite several reports describing the effects of glycated
molecules on redox status and cell homeostasis, there is
little investigation on the direct effects of glycating agents.
Thus, in this work, we aim to investigate the acute effects
of GA on oxidative stress parameters in the heart of Wistar
rats, in order to evaluate the possible effects of short-term
glycoxidation events.

Materials and Methods
Animals and Chemicals

Three-month-old adult male Wistar rats (280-320 g) were
obtained from our own breeding colony. They were caged in
groups of five with free access to water and food and were
maintained on a 12 h light—dark cycle (lights on at 7 a.m.), at
a temperature-controlled colony room (23 £ 1°C). These
conditions were maintained constant throughout the exper-
iments. All experimental procedures were performed in
accordance with the National Institute of Health Guides for
the Care and Use of Laboratory Animals and the Brazilian
Society for Neuroscience and Behavior recommendations
for animal care.

All chemicals were purchased from Sigma (St. Louis,
USA).

Mo,
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Treatments

Animals were anesthetized (ketamin 100 mg/Kg and xy-
lazin 10 mg/Kg) and treated with a single injection of GA
via the dorsal vein of the penis, in different doses (10, 50
and 100 mg/Kg) in a volume range of 120-150 pL. Con-
trol group received 130 pL of NaCl 0,9%. The doses were
calculated in order to have GA concentrations in blood
ranging from 1 to 20 mM. Calculations were based on
average blood volume of Wistar rats [26].

Oxidative Stress and Antioxidant Enzyme Analysis

Animals were sacrificed at 6, 12 or 24 h after injection.
Blood was collected and plasma separated. The heart was
dissected out in ice and immediately stored at —80°C for
posterior analysis. Homogenates were centrifuged (1,000g,
10 min at 4°C) to remove cellular debris. Supernatants were
used to all biochemical assays described herein. For ELISA,
supernatants were centrifuged once more (10,000g, 10 min
at 4°C) and were diluted in phosphate saline buffer con-
taining 0.05% sodium azide, 0.5% Triton X-100 and a
protease inhibitor cocktail (pH 7.4).

Measurement of Protein Carbonylation

The oxidative damage to proteins was measured by the
quantification of carbonyl groups based on the reaction
with 2.4-dinitrophenylhydrazine (DNPH). Proteins were
precipitated by the addition of 20% trichloroacetic acid
(TCA) and resuspended in 10 mM DNPH, and the absor-
bance read at 370 nm [27]. Results were expressed as nmol
carbonyl/mg protein.

Measurement of Thiobarbituric Acid Reactive Species
(TBARS)

As an index of lipoperoxidation, we detected thiobarbituric
acid reactive species (TBARS) formation through a hot and
acidic reaction. This is widely adopted as a method for
measurement of lipid redox state, as previously described
[28]. Briefly, the samples were mixed with 0.6 mL of 10%
TCA and 0.5 mL of 0.67% thiobarbituric acid and then
heated in a boiling water bath for 25 min. TBARS were
determined by absorbance in a spectrophotometer at
532 nm. We have obtained TBARS concentration in the
samples from a calibration curve that was performed using
1,1,3,3-tetramethoxypropane as standard, which was sub-
jected to the same treatment as that applied to the super-
natants of the samples. Results are expressed as nmol
TBARS/mg protein.
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Measurement of Total Reduced Thiol Content

To quantify the content of reduced thiol, samples were
diluted in 10 mM phosphate buffer (pH 7.4), followed by
the addition of 0.01 M 5,5’-dithionitrobis 2-nitrobenzoic
acid (DTNB) in ethanol. The intense yellow color was
developed and read at 412 nm after 20 min. A blank
sample was run simultaneously, except for the absence of
DTNB. Protein thiol content was calculated after subtrac-
tion of the blank absorbance utilizing the molar extinction
coefficient of 13,600 M~ em™' [29].

Measurement of Enzyme Activities

Catalase (CAT) activity was measured as previously
described [30]. The rate of decrease in absorbance at
240 nm was measured as an index of H,O, degradation by
catalase. One unit of CAT was considered to be the amount
of enzyme needed to degrade 1 pmol/min H,0O, at 25°C.
Superoxide dismutase (SOD) activity was assessed by
quantifying the inhibition of superoxide-dependent adren-
aline auto-oxidation in a spectrophotometer at 480 nm
[31]. To determine glyoxalase I (GLO) activity, we quan-
tified the rate of formation of S-D-Lactoylglutathione at
240 nm. The assay was carried out in 96-well microplates
using a microplate spectrophotometer (Molecular Devices,
Sunnyvale, CA, Spectra Max 190). Briefly, 10 pL of 1 mM
glutathione (GSH) and 2 mM methylglyoxal (MG), pre-
incubated for 30 min at room temperature, in 50 mM
sodium phosphate buffer (pH 7.0) were added to each well
containing 190 pL samples (10 pg protein). The enzyme
activity was calculated utilizing the molar - extinction
coefficient of 3,300 M~ cm ™' and expressed as units/mg
protein, one unit being the amount of enzyme needed to
produce 1 pmol/min of S-D-Lactoylglutathione at 25°C
[32].

Enzyme-Linked Immuno Sorbent Assay (ELISA)
for CML

The wells of a microtiter plate were coated overnight with
0.1 pg protein in 0.1 mL 50 mM sodium carbonate buffer
(pH 9.6). Wells were washed three times with washing
buffer (PBS containing 0.5% Tween 20) and then incu-
bated with 0,5% gelatin for 3 h to block non-specific
binding. After, wells were washed again with washing
buffer and incubated with 100 pL. anti-CML (2G11) for
1 h. After being washed three times, wells were incubated
with 100 pL of peroxidase-conjugated second antibody for
60 min. The reactivity of peroxidase was determined by
incubation with o-phenylenediamine dihydrochloride
(OPD) for 30 min. The reaction was stopped with addition

of 50 uL 3 M sulphuric acid. Absorbance was read at
492 nm [33].

Statistical Analysis

Results are expressed as mean £ SD. Data were analyzed
by one-way ANOVA followed by Newman—Keuls’ multi-
ple comparisons test using software Prism 2.01 (GraphPad,
San Diego, CA, USA). A P-value < 0.05 was considered
statistically significant.

Results
Redox Status

All doses of GA induced protein carbonylation. These
modifications were persistent up to 24 h (Fig. 1). Damage
to lipids was also assessed, and GA promoted an increase
in the levels of TBARS persistent up tol2 h after injection.
Figure 2 shows the levels of lipoperoxidation in the heart
of treated rats. Along with protein damage, reduced thiol
content' ' was also quantified. After 12 and 24 h, the content
of reduced thiol was decreased in the heart of rats treated
with. GA (Fig. 3).

Enzymes Activities

All enzymes assayed were modulated by the treatment with
GA. Superoxide dismutase showed an increase in activity
at 6 h and a decrease at 24 h after GA injection (Fig. 4a).
The injection of GA induced a decrease in catalase activity
that was persistent up 12 h after treatment (Fig. 4b).

Glyoxalase I had an increase in its activity in rats treated
with GA, but only 6 h after injection (Fig. 4c).

3 Control @@ 50 mg/Kg

34 # O 10mg/Kg EE 100 mg/Kg

nmol carbonyl/mg protein

0 o e
< K, o

Fig. 1 Circulating GA induces protein carbonylation in the heart.
Glycolaldehyde was administered intravenously at the following
concentrations: 0, 10, 50 or 100 mg/Kg. Heart was surgically
removed after 6, 12 or 24 h. Data presented as mean £ SD
(n = 7). # Different from respective control, P < 0.05
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Fig. 2 Lipid peroxidation increases after GA injection. The levels of
thiobarbituric acid reactive species (TBARS) were assayed as an
index of lipid peroxidation. All doses of GA increased the levels of
TBARS up to 12 h after injection. Data presented as mean + SD
(n = 7). # Different from respective control, P < 0.05

15 - 3 Control @@ 50 mg/Kg
5 CJ 10mg/Kg EE 100 mg/Kg
9
2
5 10+ # "
£ 4 #
I
w 5 4
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Fig. 3 Glycolaldehyde promotes oxidation of thiols in the heart of
Wistar rats. Animals received a single injection of GA. Samples were
incubated with DTNB for 20 min. Absorbance was read at 412 nm.
All doses of GA induced oxidation of thiols observed 12 h after
injection. Data presented as mean £+ SD (n = 7). # Different from
respective control, P < 0.05

CML Content

Although GA can form N°-(carboxymethyl)lysine, we did
not observe any increase in the content'of CML (Fig. 5).

Discussion

In this work, we aimed to investigate the effects of circu-
lating glycolaldehyde on oxidative stress parameters of the
heart. Here, we show for the first time the acute effects of
circulating GA on redox status of the heart.
Glycolaldehyde can arise from several sources and the
pivotal ones include glucose auto-oxidation and MPO
activity [18, 19]. The importance of this compound is
reinforced by data, which show the increased risk of car-
diovascular ‘complications in diabetic patients and that
increased MPO activity in heart failure patients predicts
mortality [34]. Moreover, GA can act as a glycation agent
and thus, promoting the generation of AGEs, which can
bind to membrane receptors and trigger cellular signaling
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Fig. 4 Glycolaldehyde decreases enzyme activities in the heart.
Wistar rats were killed 6, 12 or 24 h after GA injection. Superoxide
dismutase (a) and glyoxalase I (c¢) had their activities increased 6 h
after injection. Activity of catalase was decreased 6 and 12 h after
injection (b). Data presented as mean £+ SD (n = 7). # Different from
respective control, P < 0.05
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Fig. 5 N°-(carboxymethyl)lysine content in the heart of Wistar rats
injected with glycolaldehyde. Specific antibody (2G11) against CML
was incubated with 0.1 pg protein. Peroxidase-conjugated second
antibody was added and reactivity was determined by incubation with
OPD. Data presented as mean + SD (n = 7)

Journal : Large 12012
Article No. : 9083

L ad
=

MS Code : CATO-142

Dispatch :  12-7-2010 Pages: 6
O LE O TYPESET
W cp ™ DIsK




Author Proof

244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296

Cardiovasc Toxicol

[35]. In fact, it was already demonstrated in a model of
atherosclerosis in mice that treatment with soluble RAGE
can avoid the development of plaques in the aortic sinus
[36].Despite these evidences, there is no work describing
the effects of circulating GA in heart oxidative parameters.

We observed an increase in oxidation of proteins and
lipids (Figs. 1, 2). Moreover, GA modulated the activities
of SOD, CAT and GLO (Fig. 4). The higher SOD activity,
6 h after GA injection, could increase hydrogen peroxide
levels. Because CAT activity was decreased until 12 h after
injection, the defense against hydrogen peroxide could be
impaired, leading to higher concentrations of this reactive
molecule. The increase in SOD activity could also be a
response to higher levels of radical superoxide. Also, it has
been demonstrated that radical superoxide directly inhibits
catalase [37]. Thus, reaction of GA with proteins and the
action of oxygen reactive species (ROS) could promote the
carbonylation observed.

A decrease in reduced thiol content was also observed
12 and 24 h after injection. GA reacts mainly with lysine
and arginine, but also with cysteine residues [38]. Cysteine
residues, in proteins or glutathione (GSH), act as ROS
scavengers, regulating cellular redox status [39]. Never-
theless, cysteine residues could also be acting as transient
nucleophiles [40], a fact that explains why the oxidation
was observed only 12 h after injection. The lower levels of
thiols might be a reflection of the increase in GLO activity.
GLO plays a major role in the clearance of «-oxoaldehydes
like methylglyoxal (MG) and glyoxal. Furthermore, oxi-
dative stress events reduce GSH levels, impairing clearance
of MG [41]. Animal models of DM indicate that oxidative
damage is frequent component of the disease. Increased
carbonyl content of the heart has been observed in diabetic
animals [15, 17, 42]. Furthermore, antioxidant treatments
restore cardiac function after diabetes induction [43, 44].
We also assessed the plasma activities of glutamic oxalo-
acetic transaminase and glutamic pyruvic transaminase
(data not shown), which are common markers of hepatic
and heart dysfunction. However, we did not observe any
alterations.

Despite the oxidative damage and enzyme modulation,
no increase in CML content was found. This could be due
to the short-term exposure or to an efficient clearance of
GA and AGEs. Another possible explanation is the gen-
eration of GA-pyridine, a type of GA-modification that
cannot be detected by antibody 2G11 [45]. This modifi-
cation is implied in atherosclerosis and was detected in
human atherosclerosis lesions [46].

The acute model presented in this work has its flaws when
it fails to show organ dysfunction. However, in a chronic
treatment, one should take in account the greater partici-
pation of AGEs and other molecules that would be increased
due to the long-term exposure to GA. The present work

shows for the first time the acute effects of GA on oxidative
stress in the heart, which might provide a better under-
standing of the development of diabetes complications.

In conclusion, even short-term exposures to GA
increased markers of oxidative stress, suggesting that
cumulative events of hyperglycemia and inflammation,
which favor GA formation, might damage cardiac tissue
and thus lead to dysfunction.

Acknowledgments Conselho Nacional de Desenvolvimento Cient-
ifico e Tecnoldgico (CNPq), Coordenagido de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES) and Rede Instituto Brasileiro de
Neurociéncia (IBN-Net) # 01.06.0842-00.

References

1. D’Souza, A., Hussain, M., Howarth, F. C., Woods, N. M.,
Bidasee, K., & Singh, J. (2009). Pathogenesis and pathophysi-
ology of accelerated atherosclerosis in the diabetic heart.
Molecular and Cellular Biochemistry, 331, 89—116.

2. Natali, A., Vichi, S., Landi, P., Severi, S., L’Abbate, A., &
Ferrannini, E. (2000). Coronary atherosclerosis in Type II dia-
betes: Angiographic findings and clinical outcome. Diabetologia,
43, 632-641.

3. (1999). Effect of intensive diabetes treatment on carotid artery
wall thickness in the epidemiology of diabetes interventions and
complications. Epidemiology of Diabetes Interventions and
Complications (EDIC) Research Group. Diabetes, 48, 383-390.

4. Vinik, A., & Flemmer, M. (2002). Diabetes and macrovascular
disease. Journal of Diabetes Complications, 16, 235-245.

5. Yamagishi, S., & Imaizumi, T. (2005). Diabetic vascular compli-
cations: Pathophysiology, biochemical basis and potential thera-
peutic strategy. Current Pharmaceutical Design, 11, 2279-2299.

6. Yamagishi, S. (2009). Advanced glycation end products and
receptor-oxidative stress system in diabetic vascular complica-
tions. Therapeutic Apheresis and Dialysis, 13, 534-539.

7. Choei, H., Sasaki, N., Takeuchi, M., Yoshida, T., Ukai, W.,
Yamagishi, S., et al. (2004). Glyceraldehyde-derived advanced
glycation end products in Alzheimer’s disease. Acta Neuropa-
thologica, 108, 189-193.

8. Peppa, M., Uribarri, J., & Vlassara, H. (2008). Aging and gly-
coxidant stress. Hormones (Athens), 7, 123-132.

9. Yagmur, E., Tacke, F., Weiss, C., Lahme, B., Manns, M. P.,
Kiefer, P., et al. (2006). Elevation of Nepsilon-(carboxy-
methyl)lysine-modified advanced glycation end products in
chronic liver disease is an indicator of liver cirrhosis. Clinical
Biochemistry, 39, 39-45.

10. Semba, R. D., Fink, J. C., Sun, K., Windham, B. G., & Ferrucci, L.
(2010). Serum carboxymethyl-lysine, a dominant advanced gly-
cation end product, is associated with chronic kidney disease: The
Baltimore longitudinal study of aging. Journal of Renal Nutrition,
20, 74-81.

11. Aronson, D. (2003). Cross-linking of glycated collagen in the
pathogenesis of arterial and myocardial stiffening of aging and
diabetes. Journal of Hypertension, 21, 3—12.

12. Humpert, P. M., Lukic, I. K., Thorpe, S. R., Hofer, S., Awad, E. M.,
Andrassy, M., et al. (2009). AGE-modified albumin containing
infusion solutions boosts septicaemia and inflammation in exper-
imental peritonitis. Journal of Leukocyte Biology, 86, 589-597.

13. Tan, A. L., Sourris, K. C., Harcourt, B. E., Thallas-Bonke, V.,
Penfold, S., Andrikopoulos, S., et al. (2010). Disparate effects on
renal and oxidative parameters following RAGE deletion, AGE

My,
2.« Humana Press

Journal : Large 12012
Article No. : 9083

L ad
=

MS Code : CATO-142

Dispatch :  12-7-2010 Pages: 6
O LE O TYPESET
W cp ™ DIsK

297
298
299
300
301
302
303
304

305
306
307
308

309

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355



Author Proof

356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

Cardiovasc Toxicol

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

accumulation inhibition, or dietary AGE control in experimental
diabetic nephropathy. American Journal of Physiology and Renal
Physiology, 298, F163-F770.

Kamata, K., Ozawa, Y., Kobayashi, T., & Matsumoto, T. (2009).
Effect of N-epsilon-(carboxymethyl)lysine on coronary vaso-
constriction in isolated perfused hearts from control and strep-
tozotocin-induced diabetic rats. Journal of Smooth Muscle
Research, 45, 125-137.

. Shirpoor, A., Salami, S., Khadem-Ansari, M. H., Ilkhanizadeh,

B., Pakdel, F. G., & Khademvatani, K. (2009). Cardioprotective
effect of vitamin E: Rescues of diabetes-induced cardiac mal-
function, oxidative stress, and apoptosis in rat. Journal of Dia-
betes and Its Complications, 23, 310-316.

Lankin, V. Z., Lisina, M. O., Arzamastseva, N. E., Konovalova,
G. G., Nedosugova, L. V., Kaminnyi, A. L, et al. (2005). Oxi-
dative stress in atherosclerosis and diabetes. Bulletin of Experi-
mental Biology and Medicine, 140, 41-43.

Gumieniczek, A. (2005). Modification of cardiac oxidative stress
in alloxan-induced diabetic rabbits with repaglinide treatment.
Life Science, 78, 259-263.

Glomb, M. A., & Monnier, V. M. (1995). Mechanism of protein
modification by glyoxal and glycolaldehyde, reactive intermedi-
ates of the Maillard reaction. Journal of Biological Chemistry,
270, 10017-10026.

Anderson, M. M., Hazen, S. L., Hsu, F. F., & Heinecke, J. W.
(1997). Human neutrophils employ the myeloperoxidase-hydro-
gen peroxide-chloride system to convert hydroxy-amino acids
into glycolaldehyde, 2-hydroxypropanal, and acrolein. A mech-
anism for the generation of highly reactive alpha-hydroxy and
alpha, beta-unsaturated aldehydes by phagocytes at sites of
inflammation. Journal of Clinical Investigation, 99, 424-432.
Al-Enezi, K. S., Alkhalaf, M., & Benov, L. T. (2006). Glycol-
aldehyde induces growth inhibition and oxidative stress in human
breast cancer cells. Free Radical Biology and Medicine, 40,
1144-1151.

Andrades, M. E., Lorenzi, R., Berger, M., Guimaraes, J. A.,
Moreira, J. C., & Dal-Pizzol, F. (2009). Glycolaldehyde induces
fibrinogen post-translational modification, delay in clotting and
resistance to enzymatic digestion. Chemico-Biological Interac-
tions, 180, 478—484.

Mera, K., Takeo, K., Izumi, M., Maruyama, T., Nagai, R., &
Otagiri, M. (2010). Effect of reactive-aldehydes on the modifi-
cation and dysfunction of human serum albumin. Journal of
Pharmaceutical Sciences, 99, 1614—-1625.

Brown, B. E., Dean, R. T., & Davies, M. J. (2005). Glycation of
low-density lipoproteins by methylglyoxal and glycolaldehyde
gives rise to the in vitro formation of lipid-laden cells. Diabeto-
logia, 48, 361-3609.

Morgan, P. E., Dean, R. T., & Davies, M. J. (2002). Inactivation
of cellular enzymes by carbonyls and protein-bound glycation/
glycoxidation products. Archives of Biochemistry and Biophysics,
403, 259-2609.

Ukeda, H., Hasegawa, Y., Ishi, T., & Sawamura, M. (1997).
Inactivation of Cu, Zn-superoxide dismutase by intermediates of
Maillard reaction and glycolytic pathway and some sugars. Bio-
science, Biotechnology, and Biochemistry, 61, 2039-2042.

Lee, H. B., & Blaufox, M. D. (1985). Blood volume in the rat.
Journal of Nuclear Medicine, 26, 72-76.

Levine, R. L., Williams, J. A., Stadtman, E. R., & Shacter, E.
(1994). Carbonyl assays for determination of oxidatively modi-
fied proteins. Methods in Enzymology, 233, 346-357.

Draper, H. H., Hadley, M., Lester, P., & Alexander, N. G. (1990).
[43] Malondialdehyde determination as index of lipid peroxida-
tion. In Methods in enzymology (pp 421-431), Academic Press.

Mo,
.« Humana Press

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ellman, G. L. (1959). Tissue sulfhydryl groups. Archives of
Biochemistry and Biophysics, 82, 710-77.

Aebi, H., & Lester, P. (1984). [13] Catalase in vitro. In Methods
in enzymology (pp 121-126), Academic Press.

Misra, H. P., & Fridovich, I. (1972). The role of superoxide anion in
the autoxidation of epinephrine and a simple assay for superoxide
dismutase. The Journal of Biological Chemistry, 247, 3170-3175.
Mannervik, B., Aronsson, A. C., Marmstal, E., & Tibbelin, G. (1981).
Glyoxalase I (rat liver). Methods in Enzymology, 77,297-301.
Imanaga, Y., Sakata, N., Takebayashi, S., Matsunaga, A., Sasaki,
J., Arakawa, K., et al. (2000). In vivo and in vitro evidence for the
glycoxidation of low density lipoprotein in human atherosclerotic
plaques. Atherosclerosis, 150, 343-355.

Mocatta, T. J., Pilbrow, A. P., Cameron, V. A., Senthilmohan, R.,
Frampton, C. M., Richards, A. M., et al. (2007). Plasma con-
centrations of myeloperoxidase predict mortality after myocardial
infarction. Journal of the American College of Cardiology, 49,
1993-2000.

Yan, S. F., Ramasamy, R., & Schmidt, A. M. (2010). The RAGE
axis: A fundamental mechanism signaling danger to the vulner-
able vasculature. Circulation Research, 106, 842—-853.

Park, L., Raman, K. G., Lee, K. J., Lu, Y., Ferran, L. J., Jr.,
Chow, W. S., et al. (1998). Suppression of accelerated diabetic
atherosclerosis by the soluble receptor for advanced glycation
endproducts. Nature Medicine, 4, 1025-1031.

Kono, Y., & Fridovich, 1. (1982). Superoxide radical inhibits
catalase. The Journal of Biological Chemistry, 257, 5751-5754.
Adrover, M., Vilanova, B., Munoz, F., & Donoso, J. (2008).
Kinetic study of the reaction of glycolaldehyde with two glyca-
tion target models. Annals of the New York Academy of Sciences,
1126, 235-240.

Ballatori, N., Krance, S. M., Notenboom, S., Shi, S., Tieu, K., &
Hammond, C. L. (2009). Glutathione dysregulation and the eti-
ology and progression of human diseases. Biological Chemistry,
390, 191-214.

Paulsen, C. E., & Carroll, K. S. (2010). Orchestrating redox
signaling networks through regulatory cysteine switches. ACS
Chemical Biology, 5, 47-62.

Vander Jagt, D. L., Hassebrook, R. K., Hunsaker, L. A., Brown,
W. M., & Royer, R. E. (2001). Metabolism of the 2-oxoaldehyde
methylglyoxal by aldose reductase and by glyoxalase-1: Roles for
glutathione in both enzymes and implications for diabetic com-
plications. Chemico-Biological Interactions, 130-132, 549-562.
Atalay, M., Oksala, N. K., Laaksonen, D. E., Khanna, S., Nakao,
C., Lappalainen, J., et al. (2004). Exercise training modulates heat
shock protein response in diabetic rats. Journal of Applied
Physiology, 97, 605-611.

Aydemir-Koksoy, A., Bilginoglu, A., Sariahmetoglu, M., Schulz,
R., & Turan, B. (2009). Antioxidant treatment protects diabetic
rats from cardiac dysfunction by preserving contractile protein
targets of oxidative stress. Journal of Nutritional Biochemistry.
Bilginoglu, A., Seymen, A., Tuncay, E., Zeydanli, E., Aydemir-
Koksoy, A., & Turan, B. (2009). Antioxidants but not doxycy-
cline treatments restore depressed beta-adrenergic responses of
the heart in diabetic rats. Cardiovascular Toxicology, 9, 21-29.
Nagai, R., Fujiwara, Y., Mera, K., Motomura, K., Iwao, Y.,
Tsurushima, K., et al. (2008). Usefulness of antibodies for eval-
uating the biological significance of AGEs. Annals of the New
York Academy of Sciences, 1126, 38-41.

Nagai, R., Hayashi, C. M., Xia, L., Takeya, M., & Horiuchi, S.
(2002). Identification in human atherosclerotic lesions of GA-
pyridine, a novel structure derived from glycolaldehyde-modified
proteins. Journal of Biological Chemistry, 277, 48905-48912.

Journal : Large 12012

Article No. : 9083

L ad
=

MS Code : CATO-142

Dispatch :

O LE

& cp

12-7-2010 Pages: 6

O TYPESET
o Disk

420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

483



3.3 Oxidative damage in the liver of rats treated with glycolaldehyde

Artigo submetido ao periédico Journal of Biochemical and Molecular

Toxicology.

24



Oxidative damagein the liver of ratstreated with glycolaldehyde

Rodrigo Lorenzi®’, Michael Everton Andrades', Rafael Calixto Bortolin®, Ryoji
Nagai®, Felipe Dal-Pizzol? José Claudio Fonseca Moreira®

! Centro de Estudos em Estresse Oxidativo, Programa de Pds-Graduacdo em
Ciéncias Biolégicas. Bioquimica, Universidade Federal do Rio Grande do Sul, Porto
Alegre— Rio Grande do Sul, Brazil

2 Laboratério de Fisiopatologia Experimental, Universidade do Extremo Sul
Catarinense, Criciima— Santa Catarina, Brazil

3 Department of Food and Nutrition, Laboratory of Biochemistry & Nutritional
Science, Japan Women's University. Mgirodai 2-8-1, Bunkyo-ku, Tokyo 112-8681,

Japan

25



Word count
Manuscript: 4120

Figures: 5

Abstract: 225

Introduction: 547

Discussion:; 537

26



Running Title: Glycolaldehyde induces damageto theliver

Key-words: glycolaldehyde; liver disease; glycation; oxidative stress

27



* Corresponding author
Rodrigo Lorenzi
Rua Ramiro Barcelos, 2600 — ANEXO — Laboratério 32

Porto Alegre, RS — Brazil - CEP: 90035-003

Phone: 55 51 3308 5578

Fax: 55 51 3308 5540

e-mail: lorenzi rodrigo@yahoo.com.br

28



Abstract

Liver diseases are often associated with hyperglycemia, inflammation and
oxidative stress. These conditions, commonly associated with diabetes mellitus and
obesity, facilitate the formation of Advanced Glycation End-products (AGES). These

products are known to impair protein function and promote inflammation.
Accumulation of AGES such as Net-(carboxymethyl)lysine (CML) isrelated to

chronic liver diseases and their severity. Although several reports suggest a crucial
role of AGEsin liver failure, thereislittle investigation on the direct effects of
reducing sugars, precursors of AGEs, on the onset and progression of liver failure. In
thiswork we investigate the effects of intravenously administrated glycola dehyde
(GA), ashort-chain aldehyde, on oxidative parametersin the liver of Wistar rats.
Animals received asingle injection of GA (10, 50 or 100 mg/Kg) and were sacrificed
at 6, 12 or 24 hours after. Levels of protein carbonyl, lipid peroxidation and reduced
thiol were quantified. The activities of catalase, superoxide dismutase and glyoxaase
| were also assessed. The amount of CML was quantified with specific antibody.
There was an increased in oxidative stress markers in the liver of GA-treated rats.
Glycoladehyde induced a decrease in the activities of all enzymes assayed. Also, all
tested doses led to an increase in CML content. Our data suggest that GA might play
an important rolein liver diseases, through impairment of antioxidant defenses and

generation of AGES.
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INTRODUCTION

The liver plays a main role on metabolism. Regulation of glucose levels and
synthesis of lipoproteins and fatty acids are among its most important functions.
Impairment of liver function is known to be crucial in diabetes, cirrhosis and
steatohepatitis. These diseases are related to insulin resistance, obesity and abusive
alcohol ingestion (1-2). In type 1 diabetic rats, danine transaminase (ALT) and
alkaline phosphatase (ALP) are elevated in plasma and these animals show an
increase of apoptotic cellsin theliver (3). In non-alcoholic hepatosteatosis (NASH),
insulin resistance, inflammation and oxidative stress are believed to be major culprits
in disease development (4). Several models of liver disease suggest a crucial
participation of oxidative stressin liver failure (5-6). Thisroleis corroborated in
many reports by the beneficial effects of antioxidant therapy. Treatment with N-
acetylcysteine reduces fibronectin deposition and attenuates oxidative damage in rats
with dimethylnitrosamine-induced liver fibrosis (7). Some plant extracts act as
hepatoprotectorsin different animal models, mainly by reducing oxidative damage
(8-112).

Another common feature of liver diseasesis the increase in Advanced Glycation
End-products (AGES). AGEs are formed through reaction of reducing sugars and
amino groups, forming a Schiff base that rearranges to more stable Amadori products
and later lead to AGEs (12). Hepatic endothelial and Kupfer cells are responsible for

AGEs clearance via endocytosis mediated by the scavenger receptor (13). Liver
transplantation in cirrhotic patients lowers the levels of plasma Ne-
(carboxymethyl)lysine (CML) (14). Plasma CML levels are also correlated with the

severity of cirrhosis (15). Serum glyceraldehyde-derived AGE is elevated in patients
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with NASH in comparison to healthy subjects and those with simple steatosis (16).
Activation of the receptor for AGEs (RAGE) promotes migration of activated hepatic
stellate cells (HSCs), which are the main extracellular matrix-producing cellsin the
liver. AGEs upregulate fibrogenic genesin HSCs in an oxidative process that can be
prevented by antioxidants (17). Deletion of RAGE in diabetic mice prevents
mitochondrial and cytosolic excess generation of superoxide (18). Recent report
demonstrates that AGEs upregulate RAGE in quiescent and activated HSCs, leading
to ROS production via activation of NADPH oxidase (19). CML interacts with
RAGE and activates NF-«kB, increasing inflammatory response in septic mice (20).
RAGE -/- mice are protected from such activation and present improvement in
survival.

Glycoladehyde is a by-product of non-enzymatic glycosylation (21) and of the
myel operoxidase in neutrophils (22). It rapidly reacts with amino groups, mainly
lysine and arginine, leading to formation of AGEs such as CML and GA-pyridine
(23). In MCF7 human breast cancer cells, GA decreases cell viability, induces
superoxide radical production and increases lipid peroxidation (24). We previously
demonstrated that GA promotes protein carbonylation and impairs fibrinogen
coagulation (25). Although there is evidence demonstrating a pathophysiological role
for GA, its physiological concentrations have not been determined yet. It has been
estimated that GA concentration ranges from 0.1 to 1 mM (26-28).

Despite a huge interest in elucidating the mechanisms that directly link AGEs and
many diseases, and several evidences of the involvement of oxidative stressin these
pathologies, little is known about AGES precursors, such as GA, and their effect on

oxidative stress and biochemical parameters. Thus, in this study we aimed to
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evaluate the acute effects of a single intravenous injection of GA on oxidative

parametersin the liver of Wistar rats.

32



MATERIALSAND METHODS

Animals and Chemicals

Adult male Wistar rats (280 — 320g) were obtained from our own breeding
colony. They were caged in groups of five with free access to water and food and
were maintained on a 12h light-dark cycle (lights on a 7 am.), at a temperature
controlled colony room (23 + 1°C). These conditions were maintained constant
throughout the experiments. All experimental procedures were performed in
accordance with the National Institute of Health Guides for the Care and Use of
Laboratory Animals and the Brazilian Society for Neuroscience and Behavior
recommendations for animal care.

All chemicals were purchased from Sigma (St. Louis, USA).

Treatments

Animals were anesthetized (ketamin 100 mg/Kg and xylazin 10 mg/Kg) and
treated with asingle injection of GA viathe dorsal vein of the penis, in different
doses (10, 50 and 100 mg/Kg) in avolume range of 120 — 150 uL. Control group

received 130 pL of NaCl 0.9%.

Oxidative stress and antioxidant enzymes analysis

Animals were sacrificed at 6, 12 or 24h after injection. Blood was collected and

plasma separated. The liver was dissected out in ice and immediately stored at -80°C
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for posterior analysis. Homogenates were centrifuged (1000g, 10min at 4°C) to
remove cellular debris. Supernatants were used to all biochemical assays described
herein. Samples for quantification of CML content were diluted in phosphate saline
buffer containing 0.05% sodium azide, 0.5% Triton X-100 and a protease inhibitor

cocktail (pH 7.4).

M easurement of protein carbonyl

The oxidative protein damage was measured by the quantification of carbonyl
groups based on the reaction with 2,4-dinitrophenylhydrazine (DNPH). Proteins were
precipitated by the addition of 20% trichloroacetic acid (TCA) and resuspended in 10
mM DNPH and the absorbance read at 370 nm (29). Results were expressed as nmol

carbonyl/mg protein.

M easurement of thiobarbituric acid reactive species (TBARYS)

Asan index of lipid peroxidation we detected thiobarbituric acid reactive species
(TBARS) formation through a hot and acidic reaction. Thisiswidely adopted as a
method for measurement of lipid redox state, as previously described (30). Briefly,
the samples were mixed with 0.6 mL of 10% TCA and 0.5 mL of 0.67%
thiobarbituric acid and then heated in a boiling water bath for 25 min. TBARS were
determined by absorbance in a spectrophotometer at 532 nm. We have obtained
TBARS concentration in the samples from a calibration curve that was performed

using 1,1,3,3-tetramethoxypropane as standard, which was subjected to the same
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treatment as that applied to the supernatants of the samples. Results are expressed as

nmol TBARS/mg protein.

M easur ement of total reduced thiol content

To quantify the content of reduced thiol, samples were diluted in 10mM
phosphate buffer (pH 7.4), followed by the addition of 0.01 M 5,5'-dithionitrobis 2-
nitrobenzoic acid (DTNB) in ethanol. The intense yellow color was devel oped and
read at 412 nm after 20 min. A blank sample was run simultaneously, except for the
absence of DTNB. Protein thiol content was cal culated after subtraction of the blank

absorbance, utilizing the molar extinction coefficient of 13,600 M~ cm™ (31).

Assay of Enzymes Activities

Catalase (CAT) activity was measured as previously described (32). The rate of
decrease in absorbance at 240 nm was used as an index of H,O, degradation by
catalase. One unit of CAT was considered to be the amount of enzyme needed to
degrade 1 pmol/min H,0, at 25°C. Superoxide dismutase (SOD) activity was
assessed by quantifying the inhibition of superoxide-dependent epinephrine auto-
oxidation in a spectrophotometer at 480 nm (33). To determine glyoxaase | (GLO)
activity we quantified the rate of formation of S-D-Lactoylglutathione at 240 nm.
The assay was carried out in 96-well microplates using a microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, SpectraMax 190). Briefly,
10 pL of 1 mM glutathione (GSH) and 2 mM methylglyoxal (MG), pre-incubated for

30 min at room temperature, in 50 MM sodium phosphate buffer (pH 7.0) were
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added to each well containing 190 pL samples (10 pg protein). The enzyme activity
was cal culated utilizing the molar extinction coefficient of 3300 M™* cm™ and
expressed as units/mg protein, one unit being the amount of enzyme needed to

produce 1 pmol/min of S-D-Lactoylglutathione at 25°C (34).

Enzyme Linked Immuno Sorbent Assay (ELISA) for CML

The wells of amicrotiter plate were coated overnight with 0.1 pg proteinin 0.1
mL 50mM sodium carbonate buffer (pH 9.6). Wells were washed three times with
washing buffer (PBS containing 0.5% Tween 20), and then incubated with 0.5%
gelatin for 3 hoursto block nonspecific binding. After, wells were washed again with
washing buffer and incubated with 100 pL anti-CML (2G11) for 1 hour. After being
washed three times, wells were incubated with 100 pL of peroxidase-conjugated
second antibody for 60 minutes. The reactivity of peroxidase was determined by
incubation with o-phenylenediamine dihydrochloride (OPD) for 30 minutes. The

reaction was stopped with addition of 50 uL 3M sulphuric acid. Absorbance was

read at 492 nm (35).

Statistical Analysis

Results were expressed as mean £ SEM. Data were analyzed by one-way

ANOVA followed by Newman-Keuls multiple comparisons test using software

Prism 2.01 (GraphPad, San Diego, CA, USA). A p-value <0.05 was considered

statistically significant.

36



RESULTS

Redox Status

All doses of GA induced protein carbonylation. These modifications were
persistent up to 24h (Fig. 1). Damage to lipids was a so assessed and GA promoted
an increase in the levels of TBARS. Figure 2 showsthe levels of lipid peroxidation
in the liver of treated rats. Along with protein damage, reduced thiol content was aso
guantified. As presented in figure 3, animal s treated with glycola dehyde showed
lower levels of reduced thiols. This was observed only 12 and 24 hours after

injection.

Assay of Enzymes Activities

All enzymes assayed had a decreased in their specific activity after the treatment
with GA. Superoxide dismutase, which catalyzes the dismutation of radical
superoxide anion radical into oxygen and hydrogen peroxide had adecrease in its
activity 6 and 12 hours after GA injection (Fig. 4a). Catalase, responsible for dealing
with hydrogen peroxide, was also decreased at the same times (Fig. 4b), although the
lower dose had no effect at 6h. The activity of GLO was lower in comparison to
control group only 12 hours after GA injection (Fig. 4c). Although all concentrations

of GA could affect enzyme function, activities were restored 24 hours after injection.

CML Content
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The intravenous administration of GA promoted the formation of the Advanced
Glycation End-Product CML (Fig. 5). All tested concentrations of GA induce the
formation of CML. Twelve and 24h after injection, the amount of CML was

quantified in the liver was dose-dependent.
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DISCUSSION

Liver disease is often associated with fatty acid accumulation and cirrhosis. Such
conditions are closely related to diabetes mellitus and metabolic syndrome. These
conditions favor the formation of AGEs and the establishment of oxidative stress. In
this work we show that intravenously administrated glycola dehyde induces
oxidative damage to proteins and lipids, and also decreases antioxidant enzymes
activities. The doses of GA were chosen in order to obtain concentrations of
circulating GA ranging from 1 to 20 mM, according to estimated blood volume of
the animals (36).

Glycoladehyde is a short-chain adehydes that reacts mainly with lysine and
arginine residues (23). Glycoladehyde aso reacts with cysteine residues (37), which
might explain the lower levels of reduced thiolsin the rats treated with GA (Fig. 3).
Moreover, GA modulated the activities of SOD, CAT and GLO. The lower activity
of SOD could raise anion superoxide levels and lead to direct inhibition of CAT (38).
Methylglyoxal (MG), which reacts with arginine and lysine just as GA, inhibits liver
SOD invivo and in vitro (39). This could explain the inhibition of SOD induced by
GA administration. Furthermore, the observed inhibition of GLO might lead to
increased levels of MG that can inhibit SOD. Glyoxalase | converts the
hemithioacetal adduct between glutathione and methylglyoxal into S-D-

L actoylglutathione. Oxidative stress events impair glutathione levels, reducing the
clearance of MG (40). Despite the oxidative damage, no ateration in liver function
was observed, as assessed by glutamic oxal oacetic transaminase and glutamic
pyruvic transaminase (data not shown). This could be due to the short-term exposure

to GA. However, even a short-term exposure was capable of increasing the CML
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content (Fig. 5). Plasma CML levels correlate with liver cirrhosis and its severity

(15). Liver transplantation in cirrhosis patients decreases plasma CML levels (14).
The Né-(carboxymethyl)lysine levels are also elevated in diabetic and peritoneal

dialysis patients (41). Diabetes also increases CML content in soleus muscle (42) and
vasculature (43). Moreover, CML levels are associated with chronic kidney disease
(44).

The observed raise in CML levels can partly explain the high levels of protein
carbonylation, as CML has a carbonyl group in its structure. Nonetheless, it remains
unclear the extent of protein carbonylation that is due to formation of CML and to
other oxidative processes. It seems, although, that the lower activities of antioxidant
enzymes might have favored the observed redox imbalance.

In summary, our results show that circulating GA induces an oxidative state in the
liver, which might contribute to the devel opment of chronic liver diseases such as
steatosis and cirrhosis. Cumulative events of glycoxidation, which raise the levels of
GA and other aldehydes, might also contribute to the onset of common liver
dysfunction observed in these complications, as well asin diabetes. For the first time
it is shown that GA can promote accumulation of CML in the liver. With circulating
levels ranging from 1 to 20 mM, GA induced oxidative damage to proteins and lipids
and modulated the activities of SOD, CAT and GLO. The cumulative effects of such
events, combined with genetic predisposition and other environmental conditions
might lead to the progression of liver dysfunction and culminatein liver disease.
Further work is necessary to elucidate the molecular mechanisms of short-chain

aldehydes in liver pathol ogies.
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Fig. 1. Circulating GA induces protein carbonylation.
Glycoladehyde was administered intravenousy at the
following concentrations. 0, 10, 50 or 100 mg/Kg. Liver was
surgically removed after 6, 12 or 24h. Data presented as
Mean + SEM (n=7). # different from respective control,
p<0.05.
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Fig. 2. Lipid peroxidation increases after GA injection. The
levels of thiobarbituric acid reactive species (TBARS) were
assayed as an index of lipid peroxidation. At all doses, GA
promoted lipid peroxidation, which was persistent up to 24h
after injection. Data presented as Mean £+ SEM (n=7). #
different from respective control, p<0.05.
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Fig. 3. Glycolaldehyde promotes oxidation of thiols in the
liver of Wistar rats. Animals received a single injection of
GA. Samples were incubated with DTNB for 20 minutes.
Absorbance was read at 412 nm. Data presented as Mean +
SEM (n=7). # different from respective control, p<0.05.
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Fig. 4. Glycolaldehyde decreases enzyme activities in the
liver. Wistar rats were killed 6, 12 or 24h after GA injection.
Superoxide dismutase () and catalase (b) had a decrease in
activity 6 and 12h after injection. Glyoxalase | was only
altered 12h after GA injection. Data presented as Mean +
SEM (n=7). # different from respective control, p<0.05.
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Fig. 5. Ne-(carboxymethyl)lysine content in the liver.
Specific antibody (2G11) against CML was incubated with
0,1ug protein. Peroxidase-conjugated second antibody was
added and reactivity was determined by incubation with
OPD. Data presented as Mean + SEM (n=7). Different
letters indicate significant difference between groups. Each
time was analyzed independently, p<0.05.
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4. DISCUSSAO

No presente trabalho, mostramos que uma Unica inje¢do de glicolaldeido, nas
doses de 10, 50 e 100 mg/Kg, altera parametros de estresse oxidativo em ratos
machos adultos. Como parametros de dano oxidativo, observamos aumento nos
niveis de carbonilagdo proteica e peroxidacao lipidica no rim, figado e coragdo dos
animais. Esse aumento nos marcadores de dano oxidativo foi acompanhado por
uma reducéo nos niveis de tidis reduzidos, além da modulacdo das enzimas SOD,
CAT e GLO.

Aldeidos como o GA sao derivados do metabolismo da glicose, além de
rearranjos de produtos da reacdo ndo enzimatica da glicose com proteinas. A taxa
de formacao é dependente da concentracao de glicose (Nagai et al., 2005), portanto
encontra-se aumentada durante o DM. Apesar de sua importancia, os niveis
fisiologicos de GA ainda ndo foram determinados. Estima-se que as concentracdes
fisiolégicas variem de 0,1 a 1mM (Ukeda et al., 1997; Morgan, Dean & Davies, 2002;
Brown, Dean & Davies, 2005). Neste trabalho utilizamos doses que, conforme
volemia aproximada dos animais (Lee & Blaufox, 1985), promoveriam doses de GA
circulante variando de 1 a 20 mM.

O GA, assim como MG e glioxal, tem afinidade com residuos de lisina e
arginina. A ligacdo destes aldeidos em residuos especificos pode levar a mudancgas
na atividade de proteinas. Quando a albumina é incubada com estes aldeidos, além
da formacdo de AGESs, ocorre uma reducdo na capacidade desta proteina se ligar as
drogas varfarina e cetoprofeno (Mera et al., 2010). Em um trabalho do nosso grupo
foi demonstrado que o GA reage com fibrinogénio, alterando tanto o tempo de

formacdo do coagulo quanto sua resisténcia a digestdo (Andrades et al., 2009).
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Quando glicada por ribose ou MG, a apoproteina A-l apresenta reducdo na
promocdo do transporte de colesterol de células como macrofagos e mondcitos
(Hoang et al., 2007). Assim, € plausivel que a reducdo na atividade das enzimas
SOD, CAT e GLO observada no rim e no figado seja devida a uma reacéo direta
com o GA.

Quanto ao coracao a atividade da CAT estava diminuida seis e doze horas
apos a injecao de GA, enquanto SOD e GLO apresentaram um aumento em suas
atividades no tempo de 6 horas. Este comportamento sugere uma diferenca na
suscetibilidade a acdo do GA. Entretanto, ndo podemos precisar se essa
suscetibilidade é quanto a acao direta do GA ou quanto a acdo dos AGEs. No que
se trata da acédo direta do aldeido, ela pode ser atenuada por moléculas que atuam
“sequestrando” o GA e impedindo sua reagdo com outras biomoléculas. A GSH pode
se ligar a aldeidos pelo seu residuo de cisteina e a piridoxamina (vitamina B6)
também tem esta propriedade (Onorato et al., 2000). No caso da piridoxamina, sua
atividade é devida a seu grupo amino (NH;). Ao agir através da formacdo de AGEs,
o principal mecanismo descrito € a interacdo com RAGE. A ligagdo AGE/RAGE
aumenta a expressdo da molécula de adesdo de célula vascular-1 em cultura de
endotélio e em camundongos (Schmidt et al.,, 1995). Da mesma forma, interacéo
com RAGE eleva a producéo de radical superoxido em mondcitos (Ding et al., 2007)
e nas mitocondrias de células renais (Coughlan et al., 2009). Deste modo, através
do RAGE, os AGEs formados a partir do GA podem alterar a expressdo de
determinadas proteinas, além de promover a geragdo de ERO.

Em qualquer das situacées e considerando a simultaneidade de ambas, a
reducdo na atividade das enzimas antioxidantes acarreta em uma ineficiéncia na

eliminagcdo de ERO. O anion superoxido é formado sob condicdes normais e é
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bastante reativo. Quando a atividade da SOD ¢é insuficiente para lidar com o
superéxido formado, o excesso desse radical pode oxidar biomoléculas ou reagir
com oOxido nitrico, gerando peroxinitrito. Este, por sua vez, é mais reativo e pode
modificar proteinas formando nitrotirosina. A nitrotirosina é reconhecida como
marcador indireto de estresse oxidativo (Ceriello, 2002).

Choudhary e colaboradores (Choudhary, Chandra & Kale, 1997) demonstraram
gue o MG inibe a atividade da SOD in vivo em in vitro. Considerando a similaridade
nos mecanismos de reacdo, o GA pode ter atuado da mesma forma em nosso
estudo. Uma inibicdo da SOD a ponto de acarretar em um aumento de superoxido
pode levar a inibicdo da CAT por este radical (Kono & Fridovich, 1982). A inibicdo da
CAT, por sua vez, leva a um aumento nos niveis de H,O,, podendo, na presenca de
metais de transicéo, gerar o radical hidroxil.

Interessantemente, dos trés 6rgdos analisados, apenas o figado apresentou
um acumulo de CML. Por ser ricamente vascularizado, o figado pode apresentar um
aporte maior de toxinas circulantes. Outra possibilidade é que o ambiente
intracelular seja mais suscetivel a formacédo de AGEs. A presenca de cobre (Cu*?)
num meio de incubag¢do com glicose acentua a formacédo de AGEs em colageno do
tipo | (Sajithlal, Chithra & Chandrakasan, 1998). Quando na presenca de ferro (Fe*?),
esta reacdo também é acelerada (Xiao, Cai & Liu, 2007). Ocorre que as
concentracdes de Fe*? sdo maiores no figado em comparacdo com o rim. Além
deste fato, a oxidacao de lipidios também pode gerar CML (Fu et al., 1996). Sendo o
figado um o6rgéo central no metabolismo de lipidios, a abundancia destas moléculas
no orgao facilita a reagdo ocasional com agentes oxidantes. O figado também age

como 6rgao central na eliminacdo dos AGEs, através das células endoteliais e de

Kupfer, em um processo de endocitose (Smedsrod et al.,, 1997). Logo, os AGEs
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presentes no figado, ou parte deles, podem ser oriundos da circulacdo, tendo
acumulado pela ineficiéncia no processo de eliminacgéo.

As estruturas analisadas neste trabalho apresentam complicacdes particulares
no DM. Quadros de hiperglicemia, bem como a resisténcia a insulina, séo fatores de
risco para o desenvolvimento da esteatose hepatica (Lewis & Mohanty, 2010). A
esteatose se caracteriza pelo acumulo de acidos graxos no figado, um processo que
pode progredir para cirrose e esteato-hepatite. Este processo patoldgico tem a
participacdo de estresse oxidativo e a aplicacdo de terapias antioxidantes é bastante
investigada. Em modelo animal de fibrose hepatica, por exemplo, o uso do
antioxidante N-acetilcisteina reduz o estresse oxidativo e a deposicdo de
fibronectina. Ainda, os niveis de CML no plasma estdo correlacionados com a
severidade da cirrose (Yagmur et al., 2006). Além disso, AGEs induzem a expressao
de RAGE em células estreladas hepaticas, aumentando a producdo de ERO atraves
da enzima NADPH oxidase (Guimaraes et al., 2010). Portanto, 0 aumento nos niveis
de AGEs circulantes, bem como o estresse oxidativo, inerentes ao DM, contribuem
para o desenvolvimento de complicacdes hepaticas.

Modelos animais de DM corroboram teorias que colocam o estresse oxidativo
como componente das complicacbes cardiovasculares. Animais diabéticos
apresentam aumento na carbonilacdo de proteinas e na peroxidacdo lipidica no
coracao (Atalay et al., 2004; Gumieniczek, 2005; Shirpoor et al., 2009). O quadro
diabético compromete tanto a fungéo sistélica como a diastélica, aumentando em até
5 vezes o risco de problemas no coracdo (Khavandi et al., 2009). A utilizacdo de
aminoguanidina, um inibidor de AGEs e quelante de aldeidos como o GA,

reestabelece parametros como volume diastolico final e capacidade de distensédo na
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sistole (Wu et al., 2008). Logo, além da integridade celular e talvez por prejudicarem
a mesma, os AGEs interferem nos parametros fisiologicos da funcéo cardiaca.

A insuficiéncia renal é caracteristica comum em diabéticos. O elevado fluxo de
glicose promove eventos de estresse oxidativo e formacdo de AGEs. O acumulo de
dano renal leva a permeabilidade de albumina e acumulo de matriz extracelular,
aumentando a proteinaria (Soldatos & Cooper, 2008). Ratos diabéticos apresentam
maior producdo de radical superoxido no glomérulo renal, sendo este excesso
atenuado pela inibicdo da interacdo entre AGEs e RAGE (Coughlan et al., 2009).
Pacientes diabéticos apresentam acumulo de AGEs no rim (Daroux et al., 2010),
além de haver correlacdo entre os niveis plasmaticos de CML e doenca renal
cronica (Semba et al., 2010).

Selvaraj e colegas (Selvaraj, Bobby & Sridhar, 2008) discutem a possibilidade
de eventos de estresse oxidativo promoverem a glicacdo proteica. Sabendo-se que
tratamentos antioxidantes diminuem as taxas de glicacdo, é suposto que a
participacdo de ERO possa desempenhar um papel importante na formacao de
AGEs. Produtos da peroxidagdo lipidica e H,O, aceleram a glicacdo da
hemoglobina. Além disso, danos mitocondriais podem aumentar a producdo de ERO
e reduzir a producéo de ATP, levando a um acumulo de glicose que, por fim, facilita
a formacdo de AGEs (Edeas et al., 2009). Rosca e colaboradores (Rosca et al.,
2005) demonstraram em modelo animal que o DM altera a fungcdo mitocondrial,
reduzindo a atividade da cadeia transportadora de elétrons e aumentando a
producdo de superéxido. Estas alteragbes sdo acompanhadas por um aumento de
AGEs nas proteinas mitocondriais e sdo revertidas pelo tratamento com

aminoguanidina. Desta forma, supfe-se que situacOes de estresse oxidativo ou
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hiperglicemia podem dar inicio a um circulo vicioso com elevada producéao de ERO e
AGEs.

Entdo, conforme os resultados apresentados, mostramos que o GA induz dano
oxidativo e modula enzimas antioxidantes no figado, rim e coracéo de ratos Wistar.
E dificil precisar se a modulacdo das enzimas é causa ou consequéncia do dano
oxidativo observado, bem como definir se os efeitos observados se devem a acao
direta do GA ou a intermediacdo de AGEs. Assim, mesmo curtos eventos de
hiperglicemia e inflamacéo, capazes de elevar os niveis de GA, podem promover a
oxidacdo de biomoléculas e a formacdo de AGEs. A consequéncia destes eventos
pode ser o acumulo de AGEs nos o0rgaos e o desenvolvimento de complicacbes
como esteatose hepatica, placas aterosclerdticas e faléncia renal. Portanto, a
regulacdo da producdo de aldeidos como o GA parece ser fundamental na

prevencao de eventos deletérios.

53



5. CONCLUSOES

A partir dos resultados obtidos neste trabalho podemos concluir que:

1)

2)

3)

A exposicdo aguda ao dlicolaldeido circulante, em concentracdes
estimadas como suprafisiolégicas, induz aumento nos marcadores de
estresse oxidativo — carbonilacdo de proteinas, peroxidacdo lipidica e
oxidacdo de tidis — no rim, figado e coracdo de ratos Wistar. De forma
geral, o dano oxidativo persiste por até 24 horas apdés a injecdo do
aldeido.

A presenca do GA na circulacdo foi capaz de modular a atividade das
enzimas SOD, CAT, e GLO. No rim, as trés enzimas apresentaram
reducdo em sua atividade apds 6 e 24 horas. No figado também houve
inibicdo, mas esta foi observada até 12 horas apos a inje¢cdo. No coracao
0 GA induziu um aumento na atividade de SOD e GLO em 6 horas, tendo
retornado aos valores do grupo controle no tempo de 12 horas. A atividade
da CAT também se encontrou diminuida apds exposicdo ao GA, tendo
esta modulacdo persistido por até 12 horas ap0s a inje¢do. A inibicdo das
enzimas favorece um aumento na concentracdo de ERO como O;" e
H.O,, podendo acarretar em um aumento de espécies mais reativas como
peroxinitrito e o radical OH’".

Mesmo num curto periodo de exposi¢cdo, o GA foi capaz de promover a
formacdo de CML, um dos AGEs mais estudados e relacionados a
patologias. A formacdo foi observada somente no figado, sugerindo

diferentes suscetibilidades nos érgéos estudados. Este dado sugere que a
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4)

formacdo de AGEs pode ocorrer posteriormente no desenvolvimento das
complicac@es renais e cardiovasculares do DM.

Portanto, a exposi¢cdo aguda ao GA foi capaz de induzir um estado pro-
oxidante nos oOrgdos apresentados nesta dissertacdo: figado, rim e
coracdo. A modulacédo de enzimas antioxidantes foi acompanhada por um
aumento nos niveis de marcadores de estresse oxidativo. E importante
ressaltar que apesar do dano oxidativo, ndo observamos alteracbes
funcionais nos oOrgaos. Isto pode ser devido ao curto periodo de
exposicdo. Mostramos neste trabalho, pela primeira vez, que o GA
presente na circulacdo é capaz de alterar parametros do estado redox
celular, podendo comprometer a fisiologia orgéanica e desempenhar,
assim, um papel importante nas complicacbes observadas no DM. Ainda,
este trabalho cria perspectivas para uma melhor investigacédo da influéncia
de aldeidos como o GA em patologias como sepse, DM, mal de Alzheimer

e 0 proprio processo de envelhecimento.
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6. PERSPECTIVAS

O presente trabalho sugere um importante papel para aldeidos de cadeia curta

nas complicacdes de diabetes, através da modulacdo do estado redox. Entretanto,

0S mecanismos pelos quais esta modulacdo se da ainda precisam ser bastante

investigados. Sao perspectivas de continuacao deste trabalho:

1)

2)

3)

4)

5)

Avaliar os efeitos do GA sobre parametros de estresse oxidativo sobre o
sistema nervoso central, bem como investigar alteracdes comportamentais
ou de humor promovidas pelo tratamento;

Determinar a influéncia do GA sobre o estado redox e a fisiologia do
pancreas, sendo este uma estrutura central na patologia diabética;
Investigar a influéncia do GA sobre o metabolismo da glicose, determinando
de que formas este aldeido pode contribuir para a manutencdo da
hiperglicemia,

Investigar a funcdo mitocondrial nos oOrgdos avaliados neste trabalho,
buscando um melhor entendimento dos mecanismos de acédo do GA e da
formacéo de ERO;

Avaliar a participagdo do RAGE nos fendmenos observados neste trabalho,
quantificando seu contetdo e inibindo sua interagdo com AGEs atraves de

tratamento com a forma soluvel deste receptor.
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